Background: Solute-binding proteins for ABC transport systems can be used to guide discovery of novel enzymes and metabolic pathways. Results: Novel metabolic pathways were discovered for D-altritol and galactitol catabolism. Conclusion: More than 2,000 proteins with previously unknown functions were annotated using this strategy. Significance: Strategies are described that can be used to address misannotation in protein databases.
Innovations in the discovery of the functions of uncharacterized proteins/enzymes have become increasingly important as advances in sequencing technology flood protein databases with an exponentially growing number of open reading frames. This study documents one such innovation developed by the Enzyme Function Initiative (EFI; U54GM093342)
, the use of solutebinding proteins for transport systems to identify novel metabolic pathways. In a previous study, this strategy was applied to the tripartite ATP-independent periplasmic transporters. Here, we apply this strategy to the ATP-binding cassette transporters and report the discovery of novel catabolic pathways for D-altritol and galactitol in Agrobacterium tumefaciens C58. These efforts resulted in the description of three novel enzymatic reactions as follows: 1) oxidation of D-altritol to D-tagatose via a dehydrogenase in Pfam family PF00107, a previously unknown reaction; 2) phosphorylation of D-tagatose to D-tagatose 6-phosphate via a kinase in Pfam family PF00294, a previously orphan EC number; and 3) epimerization of D-tagatose 6-phosphate C-4 to D-fructose 6-phosphate via a member of Pfam family PF08013, another previously unknown reaction. The epimerization reaction catalyzed by a member of PF08013 is especially noteworthy, because the functions of members of PF08013 have been unknown. These discoveries were assisted by the following two synergistic bioinformatics web tools made available by the Enzyme Function Initiative: the EFI-Enzyme Similarity Tool and the EFI-Genome Neighborhood Tool.
The rate at which protein sequences are added to the UniProt Knowledgebase (UniProtKB) 2 has created a daunting gap between the number of manually curated protein annotations (SwissProt database, ϳ550,000 in Release 2015_06) and the total number of proteins (SwissProt and TrEMBL databases, ϳ48 million in release 2015_06). Approximately 50% of the automated annotations made by sequence similarity (TrEMBL database) are thought to be misleading or erroneous (1) (2) (3) (4) . The presence of a large fraction of entries in UniProtKB that are functionally ambiguous or incorrect undermines efforts to 1) determine drug targets in pathogens affecting human health or the agricultural industry, 2) develop in vitro enzymatic pathways for biomanufacturing, 3) further investigate the relationship between human health and the gut microbiota, and 4) understand critical environmental issues such as global nutrient cycles. The Enzyme Function Initiative (EFI) (5) worked to address these challenges by the development of robust strategies for accurate and efficient assignment of functions to unknown or uncharacterized proteins discovered in genome projects via bioinformatics, computational modeling, in vitro experimentation, and in vivo verification (6 -11) .
The most recent contribution from the EFI was the demonstration of the utility of solute-binding proteins (SBPs) for tripartite ATP-independent periplasmic transporters to guide functional discovery (12) . The premise was that the small molecule ligands of SBPs represent the chemical "starting points" of metabolic pathways (i.e. the substrate for the first enzyme in a metabolic pathway). This information imposes significant constraints on the regions of chemical space and types of enzymatic transformations that must be considered for pathway deconvolution. In combination with annotated functions for the proteins encoded by the genes proximal to that encoding the SBP, these insights allow the facilitated prediction of new metabolic pathways and the discovery of novel enzymatic functions. In this study, we apply this strategy to an alternative class of transporters, the ATP-binding cassette (ABC) transporters.
Most ABC transporters are composed of three components as follows: a transmembrane domain, a nucleotide binding domain, and an SBP (13, 14) . Hydrolysis of ATP provides the energy needed to transport the solute across the cell membrane (15) . ABC transporters are widely spread throughout all phyla of life.
Applying the SBP-based strategy for pathway discovery to the ABC transporters enabled the discovery of a novel polyol metabolic pathway for catabolism of D-altritol (also known as D-talitol). For this pathway, the SBP-proximal genome neighborhood was found to contain three genes encoding enzymes that convert D-altritol to the central metabolite fructose 6-phosphate. Two enzymes perform novel reactions, and the third enzyme is responsible for a previously orphan Enzyme Commission (EC) number. Notably, one of these is a member of a family of ϳ6,000 previously unannotated proteins. Together, these results demonstrate the effectiveness of this strategy for facilitating functional discovery and correcting errors in the protein databases.
Rare sugars, such as D-altritol, have attracted attention because of their importance to the food, pharmaceutical, artificial sweetener, and nutrition industries (16, 17) . From a biomedical perspective, rare sugars and their nucleoside derivatives are candidates for anticancer and antiviral drugs (18) . Specifically, siRNA made from D-altritol-modified nucleic acids has been used to inhibit hepatitis B virus replication (19) and the expression of the multidrug-resistant efflux pump MDR1 (20) . Defining metabolic pathways involving D-altritol may enable the development of new low cost synthetic routes, which will further its impact in medicine and industry. D-Altritol has been isolated from brown algae of the order Fucales (21) . Although D-altritol is not known to be a widespread plant metabolite, polyols are primary photosynthetic products; therefore, the existence of D-altritol may be phylogenetically widespread, albeit at low abundance (22) . Notably, Izumori and co-workers (23) (24) (25) (26) have shown that various organisms, including fungi, yeast, and bacteria, have the capability to synthesize D-altritol, although the pathway has not been studied.
In this study, D-altritol catabolism was predicted and verified in the tumor-producing plant pathogen Agrobacterium tumefaciens C58. Tumor production proceeds through insertion into the plant genome of a small segment of DNA from Agrobacterium's Ti plasmid (27) . This mode-of-action has made Agrobacterium an important tool in the genetic engineering of plants (28) . Additionally, A. tumefaciens can infect a wide vari-ety of plants, making it of great interest to the agricultural industry (it has been identified as the third most important plant pathogen) (29, 30) . The fact that sugars are known to induce virulence factors in Agrobacterium (31) has resulted in many studies on carbohydrate metabolism in A. tumefaciens (32) (33) (34) (35) but none involving D-altritol.
Experimental Procedures
Generation of Sequence Similarity Networks-Sequence similarity networks (SSNs) for Pfam families PF01547 (bacterial extracellular solute-binding protein), PF01116 (fructose-bisphosphate aldolase), PF00294 (PfkB family carbohydrate kinase), and PF08013 (tagatose-6-phosphate kinase) were generated with Option B of the EFI-Enzyme Similarity Tool (EFI-EST), which uses one or more Pfam families as input (11) . The SSNs of PF00106 (short-chain dehydrogenase) and PF00107 (zinc-binding dehydrogenase) could not be generated via Option B because of the large number of sequences in these Pfam families; these SSNs were generated via Option A of EFI-EST, which uses a protein sequence as input and generates an SSN from the top 5,000 BLAST hits identified by the query sequence. All SSNs were visualized as 100% representative node networks generated with a minimum edge alignment score threshold corresponding to ϳ35% sequence identity selected from the percent identity-alignment score quartile plot provided by EFI-EST. The alignment score thresholds for edge inclusion were then made increasingly stringent using Cytoscape to generate the networks used in pathway prediction.
Generation of Genome Neighborhood Networks-The genome neighborhood networks (GNNs) for PF01547 (bacterial extracellular solute-binding protein) and PF00294 (PfkB family carbohydrate kinase) were generated using the EFI-Genome Neighborhood Tool (EFI-GNT). The input was the xgmml file for the SSN cluster containing the D-altritol binding ABC SBPs (AltSBPs). The output was generated using the default parameters (neighborhood size ϭ 10, co-occurrence lower limit ϭ 20%).
Cloning, Expression, and Purification of Polyol-binding ABC SBPs from PF01547-The genes encoding ABC SBPs were amplified from genomic DNAs by PCR using KOD Hot Start DNA polymerase (Novagen) and the primers listed in Table 1 . The conditions were as follows: 2 min at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 66°C, and 30 s at 72°C. The amplified fragments were cloned into the N-terminal tobacco etch virus-cleavable His 6 tag containing vector, pNIC28-Bsa4 (36), by ligation-independent cloning (37) . The periplasmic signal sequences, as predicted by SignalP (38) , were not included in the cloned products. SBPs (selenomethionine-substituted) were expressed by autoinduction in a LEX48 airlift fermenter and purified by nickel-nitrilotriacetic acid and size exclusion chromatography. Details are as described previously (12) . ABC SBPs were concentrated to 10 -20 mg/ml, flash-frozen using liquid nitrogen, and stored at Ϫ20°C.
Differential Scanning Fluorimetry (DSF) of PF01547 ABC SBPs-Ligand mixtures (1-6 compounds) were prepared as concentrated stock solutions in water (10 mM) and stored at Ϫ20°C. In a 10-l volume (100 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM DTT), the ligand concentration was 1 mM; the protein concentration was 10 M, and Sypro-Orange was at 5ϫ (Thermo Fisher Scientific). The ligand library consists of 405 ligands and eight controls (protein without compound) in 192 duplicated wells (384 wells total) (supplemental Table S1 ). DSF data were measured using an Applied Biosystems 7900HT Fast Real Time PCR system with excitation at 490 nm and emission at 530 nm. The samples were heated from 22 to 99°C at a rate of 3°C min Ϫ1 ; the resulting curves were fit to a Boltzmann equation to determine the midpoint temperature of the melting transition (T m ). These values were compared with control wells to calculate the ⌬T m . A ⌬T m of greater than 5°C is considered to indicate a significant interaction. Details are as described previously (12) .
Cloning, Expression, and Purification of AtuSorbD, AtuZnD, AtuFK, and AtuTag6PK-The genes annotated to encode the sorbitol dehydrogenase (AtuSorbD, PF00106, UniProt ID A9CES4), the zinc-binding dehydrogenase (AtuZnD, PF00107, UniProt ID A9CES3), the fructokinase (AtuFK, PF00294, Uniprot ID A9CES5), and the tagatose-6-phosphate kinase (AtuTag6PK, PF08013, UniProt ID A9CES6) from A. tumefaciens C58 (ATCC 33970) were PCR-amplified from genomic DNA using the cloning primers in Table 1 . The PCRs (30 l) contained 50 ng of genomic DNA, 1 mM MgCl 2 , 1ϫ Pfx Amp Buffer, 0.33 mM dNTP, 0.33 M of each primer, and 1.25 units of Pfx polymerase (Invitrogen Platinum Pfx DNA polymerase kit). Amplification was performed according to the manufacturer's guidelines. The amplified products were digested with NdeI/ BamHI (New England Biolabs) and ligated into NdeI/BamHIdigested pET15b (Novagen). The recombinant plasmids were transformed into Escherichia coli BL21 (DE3) for expression. AtuSorbD, AtuZnD, AtuFK, and AtuTag6PK were purified from a 1-liter culture using a chelating Sepharose Fast Flow (Amersham Biosciences) column charged with Ni 2ϩ as described previously (9) . The proteins were concentrated (Atu-SorbD, 2 mg/ml; AtuZnD, 7.5 mg/ml; AtuFK, 6.7 mg/ml; AtuTag6PK, 7.3 mg/ml), flash-frozen using liquid nitrogen, and stored at Ϫ80°C.
qRT-PCR of A. tumefaciens C58 Grown on Galactitol and D-Altritol-A. tumefaciens C58 was grown to an OD of 0.4 -0.5 in AB minimal media (1 liter contains 1 g of NH 4 Cl, 0.3 g of MgSO 4 ⅐7H 2 O, 0.15 g of KCl, 0.01 g of CaCl⅐2H 2 O, 0.0025 g of FeSO 4 ⅐7H 2 O, 3 g of K 2 HPO 4 , and 1 g of NaH 2 PO 4 ) and 10 mM galactitol (Sigma)/D-altritol (Carbosynth) or 10 mM D-glucose (Sigma). Cells (500 l) were incubated in 1 ml of RNA Protect (Qiagen) for 5 min at room temperature and pelleted at 15,000 rpm; the supernatant was removed. mRNA was then purified 
from the cells using an RNeasy mini kit (Qiagen). The RNA was further processed using RNase-free DNase (Qiagen) following the manufacturer's protocol. Purity was verified with 30-l PCRs containing 50 ng of mRNA, 1 mM MgCl 2 , 1ϫ Pfx amplification buffer, 2ϫ PCR enhancer, 0.33 mM dNTP, 0.33 M FOR/REV primers (AtuSorbD_RTPCR_FOR and AtuSorb-D_RTPCR_REV), and 1.25 units of Pfx polymerase (Invitrogen Platinum Pfx DNA polymerase kit). The PCRs were analyzed on agarose gels to confirm amplification. Concentrations were determined spectrophotometrically at 280 nm. cDNA was generated using Protoscript First Strand (New England Biolabs) and 1 g of mRNA following the manufacturer's protocol. The qRT-PCRs were performed using the Light Cycler 480 SYBR Green I Master kit (Roche Applied Science) and a Light Cycler 480 II (Roche Applied Science) using the manufacturer's protocol. Table 1 contains the sequences of the qRT-PCR primers (labeled as RT-PCR). The RpoD (RNA polymerase factor) primers were included to normalize the results based on the amount of cDNA added. Discovery and Kinetic Characterization of AtuSorbD Activity-AtuSorbD was screened for oxidation activity in a reaction containing 50 mM Tris, pH 9, 10 mM MgCl 2 , 1.5 mM NAD ϩ , 1 M AtuSorbD, and 5 mM polyol (as well as blanks without enzyme). Polyols tested include D-arabitol (Sigma), galactitol, D-mannitol (Sigma), D-sorbitol (Sigma), D-altritol and L-fucitol (Sigma), and volemitol (D-glycero-D-mannoheptitol, Sigma). The reactions were incubated at 25°C for 60 min. The absorbance was measured at 340 nm (⑀ ϭ 6220 M Ϫ1 cm Ϫ1 ) to determine activity. Active polyols (D-sorbitol and galactitol) were used to kinetically characterize AtuSorbD. Reaction conditions for the kinetics were the same as the screen except 400 nM enzyme was used, and the concentration of substrate was varied from 100 M to 10 mM.
Discovery and Kinetic Characterization of AtuZnD Activity-AtuZnD was screened for oxidation activity in a reaction containing 50 mM Tris, pH 9, 10 mM MgCl 2 , 1.5 mM NAD ϩ , 1 M AtuZnD, and 5 mM polyol (blanks without enzyme). Polyols tested include D-arabitol, galactitol, D-mannitol, D-sorbitol, D-altritol, L-fucitol, and volemitol. The reactions were incubated at 25°C for 60 min. The absorbance was measured at 340 nm (⑀ ϭ 6220 M Ϫ1 cm Ϫ1 ) to determine activity. The most active polyol (D-altritol) was used to kinetically characterize AtuZnD. Reaction conditions for kinetics were the same as the screen except 400 nM enzyme was used and the concentration of substrate was varied from 250 M to 25 mM.
Discovery and Kinetic Characterization of AtuFK Activity-AtuFK was tested for kinase activity with D-fructose (Sigma) and D-tagatose (Carbosynth) using a coupled-enzyme assay containing 50 mM HEPES, pH 7.9, 10 mM MgCl 2 , 200 M NADH, 1.5 mM ATP, 1.5 mM PEP, 9 units of lactate dehydrogenase, 9 units of pyruvate kinase, 1 M AtuFK, and 5 mM substrate (blanks without enzyme). The reactions were incubated at 25°C for 60 min. The absorbance was measured at 340 nm (⑀ ϭ 6220 M Ϫ1 cm Ϫ1 ) to determine activity. Both D-fructose and D-tagatose were used to kinetically characterize AtuFK. Reaction conditions for kinetics were the same as the screen except 400 nM enzyme was used, and the concentration of substrate was varied from 100 M to 10 mM.
Discovery and Kinetic Characterization of AtuTag6PK
Activity-AtuTag6PK was tested for kinase activity with D-tagatose 6-phosphate (Sigma) and D-fructose 6-phosphate (Sigma) using a coupled enzyme assay containing 50 mM HEPES, pH 7.9, 10 mM MgCl 2 , 200 M NADH, 1.5 mM ATP, 1.5 mM PEP, 9 units of lactate dehydrogenase, 9 units of pyruvate kinase, 1 M AtuTag6PK, and 5 mM substrate (blanks without enzyme). The reaction was incubated at 25°C for 60 min, and the absorbance was measured at 340 nm (⑀ ϭ 6,220 M Ϫ1 cm Ϫ1 ) to determine activity.
AtuTag6PK was tested for aldolase activity with D-tagatose 6-phosphate and D-fructose 6-phosphate using a coupled enzyme assay containing 50 mM HEPES, pH 7.9, 10 mM MgCl 2 , 200 M NADH, 1.5 mM ATP, 1.5 mM PEP, 9 units of lactate dehydrogenase, 9 units of pyruvate kinase, 1 unit of glyceraldehyde-3-phosphate dehydrogenase, 1 mM inorganic phosphate, 1 M AtuTag6PK, and 5 mM substrate (blanks without enzyme). The reaction was incubated at 25°C for 60 min, and the absorbance was measured at 340 nm (⑀ ϭ 6,220 M Ϫ1 cm Ϫ1 ) to determine activity.
AtuTag6PK was tested for epimerase activity with D-tagatose 6-phosphate using a coupled enzyme assay containing 50 mM HEPES, pH 7.9, 10 mM MgCl 2 , 200 M NADH, 1.5 mM ATP, 1.5 mM PEP, 9 units of lactate dehydrogenase, 9 units of pyruvate kinase, 3 units of fructose 6-phosphate kinase, 1 M AtuTag6PK, and 5 mM D-tagatose 6-phosphate (blanks without enzyme). The reaction was incubated at 25°C for 60 min, and the absorbance was measured at 340 nm (⑀ ϭ 6220 M Ϫ1 cm Ϫ1 ) to determine activity. Reaction conditions for kinetics were the same as the screen except 400 nM enzyme was used, and the concentration of substrate was varied from 100 M to 5 mM.
NMR Verification of D-Tagatose Conversion to D-Fructose 6-Phosphate-Three reactions were performed in H 2 O using 50 mM deuterated Tris, pH 7.9, 10 mM MgCl 2 , 1 mM ATP, 60 mM PEP, 1 uni of pyruvate kinase, and 50 mM D-tagatose. One reaction was left as described previously; one reaction contained 1 M AtuFK; and one reaction contained both 1 M AtuFK and AtuTag6PK. Reactions were incubated at 30°C for 24 h followed by lyophilization and resuspension in D 2 O at pH 7.9. The NMR spectra were acquired on a Varian UNITY INOVA 500NB (64 acquisitions).
Generation of Competent A. tumefaciens C58 Cells-Competent cells were generated by growing a specific strain to an OD of ϳ0.4 in LB or LB containing 50 g/ml kanamycin for knockout strains transformed with plasmids containing the wild-type gene. The cells were pelleted at 5,000 rpm for 5 min and resuspended in 15 ml of 10% glycerol (repeated twice). The cells were then pelleted and resuspended in 1 ml of 10% glycerol followed by another pelleting step and final resuspension in 300 l of 10% glycerol. Competent cells were flash-frozen in liquid nitrogen and stored at Ϫ80°C.
Genetic Knockouts of AtuSorbD, AtuZnD, AtuFK, and AtuTag6PK-The knock-outs of AtuSorbD, AtuZnD, AtuFK, and AtuTag6PK in A. tumefaciens C58 were constructed using overlap extension and a suicide vector (pK19mobsacB, derived from ATCC 87097) (39) . Six hundred bp upstream and downstream of the start and stop codons of the genes encoding Atu-SorbD, AtuZnD, AtuFK, and AtuTag6PK were amplified in 30-l PCRs containing of 50 ng of A. tumefaciens C58 genomic DNA, 1 mM MgCl 2 , 1ϫ Pfx Amp Buffer, 2ϫ PCR enhancer 0.33 mM dNTP, 0.33 M FOR/REV primers ( Table 1 OE and OExt primers), and 1.25 units of Pfx polymerase (Invitrogen Platinum Pfx DNA polymerase kit). The amplification reactions contained homologous extension regions. These upstream and downstream fragments were then PCR-amplified with the same reaction conditions except that cloning primers were used, and 50 ng of each fragment was used as the template. The product was digested by BamHI and EcoRI or HindIII (New England Biolabs) and ligated into BamHI-and EcoRI-or HindIII-digested pK19mobsacB to form pK19mobsacB:KOAtuSorbD, KOAtuZnD, KOAtuFK, and KOAtuTag6PK (restriction enzymes vary by knock-out, see Table 1 ). Ligation products were transformed into E. coli XL1-Blue for sequencing and storage. The knock-outs were constructed via homologous recombination by transforming pK19mobsacB:KOAtuSorbD, KOAtuZnD, KOAtuFK, or KOAtuTag6PK into A. tumefaciens C58 via electroporation (2.5 V). LB plates containing 50 g/ml kanamycin were used to identify single crossover events. Two rounds of subculturing were used to encourage double crossover events. Double crossover events were identified by growing the subcultured A. tumefaciens C58 on LB plates with 10% sucrose. The colonies were then PCR-amplified using the previous PCR mixture (colony as template, cloning primers) to differentiate between wild-type and knock-out strains. The resulting amplification was sequenced for verification of the knock-out. Confirmed knock-out strains were grown in 2 ml of LB overnight. Eight hundred l of 80% glycerol was added to 800 l of cells, flash-frozen, and stored at Ϫ80°C.
Complementation of AtuSorbD and AtuZnD-The genes encoding AtuSorbD and AtuZnD were amplified from 50 ng of A. tumefaciens C58 genomic DNA using the reaction conditions previously described under "qRT-PCR of A. tumefaciens C58 Grown on Galactitol and D-Altritol" using the primers Atu-SorbD_NdeI_FOR, AtuSorbD_BamHI_REV, AtuZnD_NdeI_ FOR, and AtuZnD_BamHI_REV. The amplification products were digested with NdeI and BamHI (New England Biolabs) and ligated into NdeI/BamHI-digested pSRK-Kan3 (Dr. Stephen Farrand Laboratory, University of Illinois at Urbana-Champaign) using T4 ligase and the protocol from New England Biolabs. The ligation products were transformed into E. coli XL1-Blue for sequencing/storage. For complementation, successful ligations were transformed into wild-type A. tumefaciens C58 and the ⌬AtuSorbD/⌬AtuZnD strains.
Growth Curves of WT, KO, and Complemented Knock-out Strains of A. tumefaciens C58 -All strains were grown to an optical density (absorbance at 600 nm) of 0.4 -0.5 in 3 ml of LB medium (containing 50 g/ml kanamycin for knock-out strains). The cells were pelleted at 5,000 rpm for 5 min and resuspended in 3 ml of AB minimal medium. The cells were inoculated at a 1:100 dilution into triplicate 300-l cultures of AB minimal medium containing 10 mM of either galactitol or D-altritol (plus 50 g/ml kanamycin and 500 M isopropyl 1-thio-␤-D-galactopyranoside for complemented knock-out strains). Growth curves were recorded at 600 nm using a Bioscreen C instrument (Growth Curves). Cells were grown at 30°C for 36 h with continuous shaking.
Results
Differential Scanning Fluorimetry of Polyol Binding ABC SBPs-ABC SBPs A6X5Q5, B9JRF8, D3PTN0, and Q2K3Z9 (UniProt IDs) were screened by DSF as part of a larger study of ABC SBPs from Pfam family PF01547. 3 The library consisted of 405 compounds containing various aldoses, acid sugars, amino acids, dipeptides, phenolic acids, oligosaccharides, nucleotides, and various other potential metabolites (supplemental Table  S1 ). A6X5Q5, B9JRF8, D3PTN0, and Q2K3Z9 were stabilized by a number of single polyols and polyol mixtures ( Table 2) . Deconvolution of those wells screened with D/L-ligand mixtures indicated a preference for the D-isomers (Fig. 1) . The polyols range from 5 to 7 carbons and share the same configurations at three stereocenters (Fig. 2 ). D-Altritol was chosen for functional discovery efforts from the seven polyol hits (D-arabitol, D-galactitol, D-mannitol, D-sorbitol, D-altritol (D-talitol), L-fucitol, and volemitol) due to its unknown catabolism and use in modified siRNA-based therapies (19, 20) . Novel D-Altritol and Galactitol Catabolic Pathways NOVEMBER 27, 2015 • VOLUME 290 • NUMBER 48
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Bioinformatic Analysis of Polyol-binding DSF Hits-The polyol-binding SBPs exhibit sequence identities of 58 -83% and are located in the same cluster in the PF01547 SSN at an alignment score threshold of 140 (Fig. 3A) . A6X5Q5 had the greatest stabilization by D-altritol (7.9°C) and was the only protein to be significantly stabilized by D-galactitol (7.7°C) ( Fig. 1) ; therefore, the alignment score stringency was increased to 180 so that A6X5Q5 was located in a cluster separated from the other screened SBPs (Fig. 3B ). Because the median sequence identity within the D-altritol-binding SBP (AltSBP) cluster is ϳ65%, and the sequences in the cluster are highly interconnected, all homologous SBPs in the cluster containing A6X5Q5 were hypothesized to be capable of binding D-altritol. This cluster was then submitted to the EFI-Genome Neighborhood Tool (EFI-GNT) to generate a GNN. EFI-GNT is used to identify Pfam families that are encoded (default Ͼ20% co-occurrence) by the same genome neighborhood (default Ϯ10 genes) as the query proteins. From the GNN, the most commonly occurring Pfam families for enzymes (i.e. the conserved genome neighbors) can be identified and used to predict a potential metabolic pathway (Fig. 3C ). All of the sequences in the cluster containing A6X5Q5 were used to generate the GNN.
For the AltSBP SSN cluster, we identified four frequently co-occurring enzyme Pfam families as follows: 1) PF00106 at 94% co-occurrence; 2) PF00107 at 83% co-occurrence; 3) PF00294 at 67% co-occurrence; and 4) PF08013 at 61% co-occurrence.PF00106isafamilyofshortchainNAD ϩ -orNADP ϩ -dependent oxidoreductases (406,662 sequences in UniProt Release 2015_06). PF00107 is a family of zinc-binding alcohol dehydrogenases (195,604 sequences). PF00294 is the PfkB family of carbohydrate and pyrimidine kinases (118,351 sequences). PF08013 is annotated as a family of D-tagatose-6phosphate kinases (5,909 sequences), although this annotation has been shown to be inaccurate (40) .
PF08013 was of interest because no experimentally determined reactions had been associated with this family. Previously, GatZ and AgaZ/KbaZ that are members of this family were shown to be encoded by operons associated with galactitol and D-galactosamine catabolism, respectively (41, 42) . Initial work led to the hypothesis that AgaZ and GatZ were D-tagatose-6-phosphate kinases based on the following: 1) the observation that the proposed catabolic pathways were missing a tagatose-6-phosphate kinase, and 2) AgaZ and GatZ had no significant similarity with any proteins with assigned functions (43) . However, no kinase activity was observed for AgaZ or GatZ. Later, it was found that AgaY and AgaZ are the subunits of the heterodimeric D-tagatose-1,6-bisphosphate aldolase, AgaYZ (42) . Further study revealed that the Z subunit was required for catalytic activity of the Y subunit, but it had no aldolase activity (40) . Therefore, no enzymatic activity has been associated with the Z subunit (from PF08013); it has been thought to be a catalytically inactive subunit of D-tagatose-1,6bisphosphate aldolase. In summary, the GNN of the AltSBPs shows that the following four enzymes are highly conserved in the genome neighborhood: an alcohol dehydrogenase; a short chain dehydrogenase; a kinase; and a protein associated with galactitol and N-galactosamine catabolism through tagatose 1,6-bisphosphate.
Prediction of the D-Altritol Catabolic Pathway-SSNs were generated for PF00106, PF00107, PF00294, and PF08013. Alignment score thresholds were chosen based on the values at which neighbors to the AltSBPs were located in highly interconnected clusters. The SSN for PF00106 was generated using an alignment score of 105 (ϳ67% sequence identity) using option A of EFI-EST (Fig. 4A) . Proteins in the cluster containing neighbors of AltSBP are generically annotated as sorbitol dehydrogenases; none have been reviewed by SwissProt. This indicates that the dehydrogenase from PF00106 likely oxidizes a polyol. Given that sorbitol dehydrogenases generally oxidize C-2, this protein is unlikely to oxidize D-altritol due to the inverse stereochemistry at C-2 (or C-5, if D-altritol is bound in the D-talitol orientation). Therefore, we hypothesized that the dehydrogenase from PF00106 oxidizes galactitol to D-tagatose (C-2 or C-5 oxidation) based on the following: 1) a highly conserved neighbor is from PF08013 and is indicated to be involved in galactitol metabolism through D-tagatose 1,6-bisphosphate; 2) galactitol shares the same stereochemistry at C-2 with D-sorbitol; 3) galactitol was a DSF hit; and 4) the SSN for PF00106 suggests the substrate is a polyol.
The SSN for PF00107 was generated at an alignment score threshold of 70 (ϳ35% sequence identity) (Fig. 4B) . The neighbors of AltSBP are collocated within a single cluster in this SSN. Proteins in this cluster are generically annotated as zinc-binding dehydrogenases; none have been reviewed by SwissProt. Many different polyol dehydrogenase annotations are present in PF00107, e.g. L-arabitol 4-dehydrogenase, D-galactitol 1-phosphate 5-dehydrogenase, and L-iditol 2-dehydrogenase. This suggests that the dehydrogenase from PF00107 also oxidizes a polyol, although it is difficult to predict the substrate specificity. Therefore, it is hypothesized that the dehydrogenase oxidizes D-altritol based on the following: 1) the DSF hit; 2) suggestions from the SSN that the substrate is a polyol; and 3) the stereochemistry-based hypothesis that the dehydrogenase in PF00106 cannot oxidize D-altritol. The SSN for PF00294 was generated at an alignment score threshold of 55 (ϳ35% sequence identity) (Fig. 4C) . The neighbors of AltSBP are either fructokinases or annotated as sugar kinases; none have been reviewed by SwissProt. The SwissProtreviewed carbohydrate kinases present in this SSN are fructokinase, 2-keto-3-deoxy-glucokinase, 6-phosphofructokinase, ribokinase, and tagatose-6-phosphate kinase. On the basis of the association with members of PF08013 with tagatose 1,6bisphosphate and the likelihood that the dehydrogenases from PF00106 and PF00107 oxidize galactitol/D-altritol to D-tagatose, we hypothesized that the neighbors of AltSBP in PF00294 phosphorylate D-tagatose to D-tagatose 6-phosphate.
The SSN for PF08013 was generated at an alignment score threshold of 145 (ϳ60% sequence identity) (Fig. 4D) . Proteins within the cluster containing neighbors of the AltSBPs have multiple annotations as follows: tagatose-6-phosphate kinase, tagatose-1,6-bisphosphate aldolase, and inactive subunit of tagatose 1,6-bisphosphate aldolase; none of the proteins in PF08013 have been reviewed by SwissProt. The members of PF08013 contain an aldolase-type TIM barrel domain (IPR013785), so it is unlikely these are kinases. Therefore, the initial hypothesis was that the neighbors in PF08013 are aldolases acting on the D-tagatose 6-phosphate, the product of the reaction catalyzed by the genome neighbors in PF00294, to form dihydroxyacetone (DHA) and glyceraldehyde 3-phosphate.
The predicted pathway is shown in Fig. 5A . The pathway begins with oxidation of the DSF hits galactitol (PF00106) and D-altritol (PF00107) to D-tagatose. D-Tagatose is phosphorylated to D-tagatose 6-phosphate (PF00294). Then D-tagatose 6-phosphate is cleaved by an aldolase (PF08013) into DHA and glyceraldehyde 3-phosphate, both of which can enter the central metabolism, after DHA is phosphorylated to dihydroxyacetone phosphate (DHAP) via EC 2.7.1.29. FIGURE 3. SSN of PF01547 at an alignment score of 140 (ϳ55% identity) is shown in A. The EFI-EST was utilized to perform a pairwise blast of all current sequences of PF01547. In the SSN, each sequence is a node, and those sequences with blast E-value smaller (higher similarity) than defined cutoffs are connected by an edge whose length is weighted by the blast E-value. The cluster containing polyol-binding SBPs is boxed in black. The polyol-binding cluster of PF01547 at a minimum alignment score threshold of 140 (ϳ55% identity) is shown in B. The alignment score threshold is then increased to 180 (ϳ65% identity) for use as an input for EFI-GNT. The green cluster (5) contains the D-altritol-binding SBP, UniProt ID A6X5Q5. UniProt IDs B9JRF8 and Q2K3Z9 cluster in the magenta cluster (1) . UniProt ID D3PTN0 is located in the salmon cluster (2) . C shows the most highly co-occurring catalytic Pfam families associated with the polyol-binding ABC SBPs. NOVEMBER 27, 2015 • VOLUME 290 • NUMBER 48
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qRT-PCR of Potential D-Altritol Catabolic Genes-Organisms that have an ABC SBP in the same cluster as A6X5Q5 with an alignment score threshold of 180 are from plant pathogens, plant-associated bacteria, or soil-dwelling bacteria. The genera include Agrobacterium, Rhizobium, and Mesorhizobium. The predominance of plant-associated bacteria is not surprising because polyols are primary photosynthetic products. A. tumefaciens C58 was chosen for in vivo validation of the predicted pathway because of its genetic tractability and ease in laboratory manipulations (34) .
The genome neighborhood of the ABC SBP from A. tumefaciens C58 (AtuSBP, UniProt ID Q7CRS2) contains each of the conserved Pfam members identified by EFI-GNT as follows: an annotated sorbitol dehydrogenase (AtuSorbD, PF00106, Uni-Prot ID A9CES4); a zinc-binding dehydrogenase (AtuZnD, PF00107, UniProt ID A9CES3); an annotated fructokinase (AtuFK, PF00294, Uniprot ID A9CES5); and an annotated tagatose-6-phosphate kinase (AtuTag6PK, PF08013, UniProt ID A9CES6) (Fig. 6A ). Transcript levels for each of the genes were analyzed to establish involvement in D-altritol growth. Both MicrobesOnline (44) and the Database of prOkaryotic OpeRons (45, 46) predict that AtuSorbD and AtuZnD are present on one transcript, although AtuFK and AtuTag6PK are present on a separate transcript. Transcript levels were up-regulated several thousand-fold for all four genes when A. tumefaciens C58 was grown on D-altritol compared with D-glucose (Fig. 6B ). Similar up-regulation was also observed when A. tumefaciens C58 was grown on galactitol compared with D-glucose (Fig. 6C) . The transcriptional regulator and dehydrogenases that are located downstream of AtuZnD were not predicted to be present in an operon with AtuSorbD/AtuZnD nor were they upregulated during growth on D-altritol or galactitol. Therefore, further characterization of this pathway focused on the enzymes in the Pfam families identified by the GNN analysis.
In Vitro Characterization of D-Altritol Catabolic Enzymes-AtuSorbD and AtuZnD were purified and screened for oxidation activity on all the DSF polyol hits as follows: D-arabitol, galactitol, D-mannitol, D-sorbitol, D-altritol, L-fucitol, and volemitol. AtuSorbD oxidized galactitol, D-sorbitol, and D-mannitol with galactitol and D-sorbitol oxidized at significantly greater rates than D-mannitol. Therefore, only the oxidations of galactitol to D-tagatose and of D-sorbitol to D-fructose were kinetically characterized ( Table 3) .
AtuZnD oxidized D-altritol, D-mannitol, and D-arabitol; D-altritol was oxidized at a significantly greater rate than D-mannitol and D-arabitol. Therefore, kinetic constants were determined only for the conversion of D-altritol to D-tagatose.
AtuFK was tested for activity on the dehydrogenase products D-tagatose and D-fructose. Both substrates showed activity and were kinetically characterized, with D-tagatose being significantly more active (Table 3) .
Given its prediction as a class II aldolase, AtuTag6PK was tested for aldolase activity with D-tagatose 6-phosphate and D-fructose 6-phosphate via a coupled-enzyme assay; however, no activity was observed. Because of the annotation of its Pfam family, AtuTag6PK was tested for kinase activity on D-tagatose 6-phosphate and D-fructose 6-phosphate; again, no activity was observed. Some enzymes in Pfam family PF00596 (class II aldolases) are, in fact, epimerases, e.g. L-ribulose-5-phosphate 4-epimerase (47) . Therefore, AtuTag16PK was tested for epimerization of D-tagatose 6-phosphate to D-fructose 6-phosphate (C-4 epimerization) using a coupled enzyme assay. Significant activity was observed, and kinetic constants were determined (Table  3 ). This last step in the proposed pathway was validated via 1 H NMR by the conversion of D-tagatose to D-fructose 6-phosphate in a one-pot reaction containing AtuFK and AtuTag6PK (Fig. 7) . Thus, the complete in vitro pathway (Fig. 5B ) begins with the DSF hits galactitol (by PF00106) and D-altritol (by PF00107) being oxidized to D-tagatose. D-Tagatose is phosphorylated to D-tagatose 6-phosphate (by PF00294). Then D-tagatose 6-phosphate is epimerized to D-fructose 6-phosphate (by PF08013), which is a central metabolite in A. tumefaciens (32) .
In Vivo Verification of D-Altritol Catabolism in A. tumefaciens-To verify the involvement of the genome neighborhood of the AltSBP in galactitol and D-altritol catabolism, we constructed knock-outs (deletions) of each of the following four genes encoding the four catabolic enzymes: AtuSorbD, AtuZnD, AtuFK, and AtuTag6PK. When grown on D-galactitol, the ⌬AtuSorbD strain showed a no-growth phenotype; the ⌬AtuZnD strain did not exhibit a growth defect (Fig. 8) . In contrast, when grown on D-altritol, the ⌬AtuSorbD strain showed wild-type growth; the ⌬AtuZnD strain showed a nogrowth phenotype (Fig. 8 ). Because of the strong no-growth phenotypes for both ⌬AtuSorbD and ⌬AtuZnD, we constructed complementation plasmids carrying wild-type copies of each of these genes. Growth was restored to the levels of wild type for both knock-out strains with their respective carbon sources ( Fig. 9 ). This validates, in vivo, the predicted pathway for galactitol and D-altritol catabolism. Deletion of AtuFK did not result in growth defects for either D-galactitol or D-altritol ( Fig. 8 ). Presumably, a promiscuous kinase located elsewhere in the genome is able to phosphorylate D-tagatose. The ⌬AtuTag6PK strain showed slow-growth phenotypes for both galactitol and D-altritol (Fig. 8) ; again, this suggests promiscuity or functional overlap encoded elsewhere in the genome, albeit at a lower efficiency. Further study is needed to identify the genes responsible for these activities.
Discussion
The use of transport system SBPs to guide functional discovery of novel metabolic pathways is a recent strategy developed by the EFI. Previous studies focused on the tripartite ATP-inde- pendent periplasmic SBPs, where novel pathways for ethanolamine and D-Ala-D-Ala catabolism were discovered (12) . The research presented here utilizes results from an analogous study of the ABC SBPs to elucidate novel pathways for catabolism of both galactitol and D-altritol, along with the discovery of novel enzymatic functions.
A pathway for D-altritol catabolism was previously unknown. Consequently, the elucidation of this pathway resulted in the annotation of multiple proteins of unknown function. AtuZnD catalyzes the NAD ϩ -dependent oxidation of D-altritol to D-tagatose; previously, this reaction was unknown (no EC number). AtuZnD is a zinc-binding dehydrogenase (PF00107). In the SSN for PF00107 generated with an alignment score threshold of 70, the cluster containing AtuZnD is highly interconnected, so it is hypothesized to be isofunctional (Ͼϳ50% sequence identity, Fig. 4 ). This cluster contains the sequences of 29 other dehydrogenases presumed to oxidize D-altritol to D-tagatose. Ninety percent of the proteins are from Agrobacterium, Rhizobium, or Ochrobactrum (all ␣-proteobacteria). These genera comprise soil-dwelling bacteria with the ability to grow on, or near, plants either in symbiotic or pathogenic relationships. Therefore, the fact that these organisms possess the genetic capacity to catabolize polyols (primary photosynthetic products) for cellular carbon is reasonable.
AtuFK catalyzes the phosphorylation of D-tagatose to D-tagatose 6-phosphate. Previously, this activity had been identified only in the extracts of galactitol-grown Mycobacterium butyricum, but no gene or protein had been associated with the activity (EC 2.7.1.101) (48) . The SSN of PF00294 was generated at an alignment score threshold of 55 (ϳ35% sequence identity). The cluster containing AtuFK is hypothesized to be isofunctional (Ն ϳ40% sequence identity, Fig. 5 ) and contains 1,956 kinases that, therefore, are hypothesized to phosphorylate D-tagatose to D-tagatose 6-phosphate. These kinases are found in diverse organisms (Clostridia, ␣-, ␤-, and ␥-proteobacteria), indicating that additional metabolic pathways involve the phosphorylation of D-tagatose. AtuTag6PK catalyzes the epimerization of D-tagatose 6-phosphate to D-fructose 6-phosphate. Previously, this reaction had not been identified (no EC number). Furthermore, no protein in PF08013 had an assigned catalytic activity, although members were thought to be involved in galactitol and N-galactosamine catabolism via tagatose 1,6-bisphosphate (42) . The SSN of PF08013 was generated with an alignment score threshold of 145 (ϳ60% sequence identity); the cluster containing AtuTag6PK is hypothesized to be isofunctional (Ն ϳ65% sequence identity, Fig. 6 ). The sequences originate from Agrobacterium, Rhizobium, or Mesorhizobium (all ␣-proteobacteria). This cluster contains 55 presumed orthologues that epimerize D-tagatose 6-phosphate to D-fructose 6-phosphate. Other members of PF08013 may perform different mechanistically related reactions (as is the case in PF00596, class II aldolases).
AtuSorbD catalyzes the oxidation of galactitol to D-tagatose (EC 1.1.1.16 ) and D-sorbitol to D-fructose (EC 1.1.1.14) . The SSN of PF00106 was generated with an alignment score threshold of 105 (ϳ67% sequence identity). The cluster containing AtuSorbD is hypothesized to be isofunctional (Ն ϳ80% identity, Fig. 7 ) and contains 27 likely orthologues that oxidize galactitol or D-sorbitol to D-tagatose. As with AtuZnD, ϳ90% of sequences originate from plant-associated, soil-dwelling bacteria as follows: Agrobacterium, Rhizobium, or Ochrobactrum.
Galactitol 2-dehydrogenase is a known reaction (49), but only recently has a specific protein been associated with this activity (Uniprot Q1MLL4) (50) . Q1MLL4 is also a member of PF00106, but it is shares 32% sequence identity with AtuSorbD. Consequently, the characterization of AtuSorbD assigns the same function to two different clusters in PF00106. The role of the enzymatic activity of Q1MLL4 in the metabolism of galactitol was unexplored in the earlier study.
Catabolism of galactitol is known to occur via two pathways. 1) Transport of galactitol via a phosphotransferase system (41) . The resulting D-galactitol 1-phosphate is then oxidized to D-tagatose 6-phosphate, which is phosphorylated to D-tagatose 1,6-bisphosphate, and cleaved by an aldolase into the central metabolites glyceraldehyde 3-phosphate and DHAP. 2) The oxidoreductive D-galactose catabolic pathway in which D-galac-tose is reduced to galactitol (51) . The galactitol then is oxidized and reduced at carbon 3 to epimerize galactitol to D-sorbitol. D-Sorbitol is oxidized at carbon 2 to form D-fructose.
Previously, no catabolic pathways had been identified by which galactitol is metabolized via D-tagatose, as found in this study. In total, the experimental characterizations conducted here produced new or corrected functional annotations for at least 2,067 protein sequences via confident annotation transfer.
When a GNN is generated for the D-tagatose kinase-containing cluster of PF00294, the most highly co-occurring Pfam families are found in a somewhat different genome context compared with that of the AltSBPs. In addition to PF00106 (52.6% co-occurrence), PF00107 (52.5% co-occurrence), and PF08013 (22.1% co-occurrence), genome neighbors also include the fructose-bisphosphate aldolase Pfam family (PF01116, 63.4% co-occurrence) and an additional member of the PfkB Pfam family (PF00294, 60.5% co-occurrence). The absence of these Pfam families in the AltSBP GNN indicates that the catabolic pathways containing D-tagatose kinase homologues that have conserved neighbors from PF01116 and PF00294 either do not use ABC transporters for D-altritol/galactitol or metabolize a different carbohydrate with D-tagatose as an intermediate. Interestingly, when the PF01116 neighbors of D-tagatose kinase are mapped onto a SSN of PF01116 at an alignment score threshold of 100 (ϳ60% identity) ( Fig. 10 ), they cluster with SwissProt-reviewed D-tagatose-1,6-bisphosphate aldolases. Therefore, the PF00294 neighbors of D-tagatose kinase likely are D-tagatose-6-phosphate kinases. This is supported by their similar co-occurrence with the proposed D-tagatose-1,6-bis- 
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phosphate aldolases, and these proteins are not significantly similar to any proteins of reviewed function. They may represent yet another novel function within PF00294, which will require further study.
Considering the percent co-occurrences in the GNN, the pathway in which D-tagatose 6-phosphate is epimerized to D-fructose 6-phosphate is the least prevalent. The GNN suggests that ϳ60% of the putative pathways result in the conversion of D-tagatose to D-tagatose 1,6-bisphosphate, followed by cleavage by an aldolase (PF00294 and PF01116); in only ϳ20% of the pathways is D-tagatose epimerized to D-fructose 6-phosphate. Of the genera that contain AtuSorbD, AtuZnD, and AtuTag6PK (Agrobacterium, Rhizobium, Ochrobactrum, and Mesorhizobium), Ochrobactrum is the only genus predicted to utilize glycolysis for glucose metabolism. Agrobacterium, Rhizobium, and Mesorhizobium do not utilize glycolysis, but rather employ the Entner-Doudoroff pathway and the pentose phosphate pathway (PPP) (32, 52) . Therefore, it follows that these organisms metabolize D-altritol to D-fructose 6-phosphate (a PPP intermediate) rather than glyceraldehyde 3-phosphate and DHAP (glycolysis intermediates and products of D-tagatose-1,6-bisphosphate aldolase). Further study is required, but organisms in the D-tagatose kinase cluster of PF00294, which utilize glycolysis, likely catabolize D-altritol/galactitol via D-tagatose 1,6-bisphosphate, although those that employ the Entner-Doudoroff pathway and PPP catabolize D-altritol/galactitol via D-fructose 6-phosphate.
Three other ligands (D-mannitol, D-arabitol, and volemitol) provided greater thermal stabilization (14.1, 11.2, and 10.9°C) than D-galactitol (7.7°C) and D-altritol (7.9°C), despite the data presented here that the collocated dehydrogenases utilize galactitol and D-altritol as substrates. Therefore, when possible, the largest number of DSF hits and related compounds should be used to screen enzymes predicted to be catabolically downstream of the transporter. Despite this caveat, the ability to define the correct chemotype and stereochemical centers by DSF drastically reduces the number of ligands required for bio-chemical analysis of associated enzymes. Further work is required to determine whether A6X5Q5 or its homolog from A. tumefaciens C58 (AtuSBP, UniProt ID Q7CRS2) can transport these alternative substrates for catabolic transformation by non-collocated genes.
The characterization of two novel catabolic pathways and the identification of three novel enzymatic activities demonstrate the utility of screening the ligand specificities SBPs to enable functional discovery. These efforts underscore the considerable impact that ligand screening of SBPs can have on correcting the functional annotations of mis-and unannotated proteins in UniProtKB. 
